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Argonne National Laboratory

Our research addresses the five key

heory Group questions that comprise the USA’s

nuclear physics agenda. We place
o/ Staff heavy emphasis on the prediction of
® 5 POStdOCS phenomena accessible at Argonne’s

ATLAS facility, at JLab, and at other
Y 4 Specia| Term Appointees laboratories around the world; and
on anticipating and planning for

FRIB.
Our research explores problems in: theoretical and computational nuclear astrophysics;

guantum chromodynamics and hadron physics; light-hadron reaction theory; ab-initio

Z Office of
>=-4 Science  many-body calculations based on realistic two- and three-nucleon potentials; and

coupled-channels calculations of heavy-ion reactions. Our programs provide much of the
scientific basis for the drive to physics with rare isotopes. Additional research in the
Group focuses on: atomic and neutron physics; fundamental quantum mechanics;
guantum computing; and tests of fundamental symmetries and theories unifying all the
forces of nature, and the search for a spatial or temporal variation in Nature’s basic
parameters. The pioneering development and use of massively parallel numerical
Argonne simulations using hardware at Argonne and elsewhere is a major component of the

NATIONAL

weer - Group’s research.
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Fermions — two static properties:
proton electric charge = +1; and magnetic moment,

Magnetic Moment discovered by Otto Stern and
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Nucleon ... 2 Key Hadrons
= Proton and Neutron

Fermions — two static properties:
proton electric charge = +1; and magnetic moment,

Magnetic Moment discovered by Otto Stern and

collaborators in 1933: Awarded Nobel Prize in 1943

eh

» Dirac (1928) — pointlike fermion: p, = Y

o eh
o0 % @ Stern (1933) — pp = (1 + 1.79)—2M

# Big Hint that Proton is not a point particle
o Proton has constituents

o These are Quarks and Gluons
Quark discovery via e~ p-scattering at SLAC in 1968
— the elementary quanta of Quantum Chromo-dynamics
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What is QCD?

® Gauge Theory:
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® Similar interaction in QED
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Completely Change the Character of the Theory
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QED cf. QCD
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Study Structure via
Nucleon Form Factors

Electron’s relativistic electromagnetic current:

ju(P',P) = det.(P)A,(Q,P)u.(P), Q=P —P
ietic(P') v, (—1) ue(P)

Nucleon’s relativistic electromagnetic current:
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Study Structure via
Nucleon Form Factors

® Electron’s relativistic electromagnetic current:

ju(PLP) = icia(P)AL(Q P)uc(P), Q=P — P
ietic(P') v, (—1) ue(P)

® Nucleon’s relativistic electromagnetic current:
J,(P',P) =iet,(P)A,(Q,P)uy(P), Q=P — P

Lo Seience o oy, 1 2
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Ge(Q®) = Fl(QQ)—jp F(Q%), Gu(Q?) = Fi(Q*)+F(Q?).
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Study Structure via
Nucleon Form Factors

® Electron’s relativistic electromagnetic current:

ju(PLP) = icia(P)AL(Q P)uc(P), Q=P — P
ietic(P') v, (—1) ue(P)

® Nucleon’s relativistic electromagnetic current:
J,(P',P) =iet,(P)A,(Q,P)uy(P), Q=P — P

Lo Seience o oy, 1 2
= Z@Up(P) (’YILLF1<Q )—l— 2—MO-'LW QVFQ(Q )) up(P)
2
Ge(Q®) = Fl(QQ)—jp F(Q%), Gu(Q?) = Fi(Q*)+F(Q?).
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NSAC Long Range Plan
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NSAC Long Range Plan

A central goal of nuclear physics is to understand the structure
and properties of protons and neutrons, and ultimately atomic
nuclel, in terms of the quarks and gluons of QCD
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Modern Miracles
In Hadron Physics

® proton = three constituent quarks
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Modern Miracles
In Hadron Physics

proton = three constituent quarks

9o Mproton ~ 1GeV

1 GeV
$ guess Mconstituent—quark ~ T ~ 350 MeV

® pion =
constituent quark 4+ constituent antiquark
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Modern Miracles
In Hadron Physics

proton = three constituent quarks

9o Mproton ~ 1GeV

1 GeV
$ guess Mconstituent—quark ~ T ~ 350 MeV
® pion =
constituent quark 4+ constituent antiquark
Office of M
TS 8 guess Mpjon = 2 X —22% ~ 700 MeV
® WRONG .....coovvveieiin, M ion = 140 MeV
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Modern Miracles
In Hadron Physics

proton = three constituent quarks

Mproton ~ 1 GeV

1 GeV

guess Mconstituent—quark ~ ~ 350 MeV

pion =
constituent quark 4+ constituent antiquark

guess Mpion = 2 X proton ~ 700 MeV

WRONG .....cooveieieainn, M ion = 140 MeV
Another meson:

........... M, ="770MeV ........... No Surprises Here
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Modern Miracles
In Hadron Physics

proton = three constituent quarks

9o Mproton ~ 1GeV

1 GeV
$ guess Mconstituent—quark ~ T ~ 350 MeV
® pion =
constituent quark 4+ constituent antiquark
Office of M
TS 8 guess Mpjon = 2 X —22% ~ 700 MeV
® WRONG .....coovvveieiin, M ion = 140 MeV

® What is “wrong” with the pion?
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Dichotomy of Pion
— Goldstone Mode and Bound state
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Dichotomy of Pion

— Goldstone Mode and Bound state

" » How does one make an almost massless particle
from two massive constituent-quarks?
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Dichotomy of Pion

— Goldstone Mode and Bound state

"~ » How does one make an almost massless particle

........... from two massive constituent-quarks?

# Not Allowed to do it by fine-tuning a potential

Must exhibit

Current Algebra ... 1968

2
m_ X Mg
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Dichotomy of Pion
— Goldstone Mode and Bound state

" ¢ How does one make an almost massless particle
........... from two massive constituent-quarks?

# Not Allowed to do it by fine-tuning a potential

Must exhibit| m?2 o m,
Current Algebra ... 1968

The correct understanding of pion observables;
r—omeor €.0. Mass, decay constant and form factors,
géz Science . .
“ee.reguires an approach to contain a

o well-defined and valid chiral limit;

#® and an accurate realisation of
dynamical chiral symmetry breaking.
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Dichotomy of Pion
— Goldstone Mode and Bound state

""" o How does one make an almost massless particle
........... from two massive constituent-quarks?

# Not Allowed to do it by fine-tuning a potential

Must exhibit| m?2 o m,
Current Algebra ... 1968

The correct understanding of pion observables;
g&; « €.0. mass, decay constant and form factors,
reqguires an approach to contain a

o well-defined and valid chiral limit;

® and an accurate realisation of

dynamical chiral symmetry breaking.

AroI”e Highly Nontrivial

B Ighly Nontrivia
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What's the Problem?

® Minimal requirements

» detailed understanding of connection between
Current-quark and Constituent-quark masses;

# and systematic, symmetry preserving means of realising
this connection in bound-states.
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What's the Problem?

® Minimal requirements

» detailed understanding of connection between
Current-quark and Constituent-quark masses;

# and systematic, symmetry preserving means of realising
this connection in bound-states.

® Means ... must calculate hadron wave functions
— Can’t be done using perturbation theory
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What's the Problem?

Minimal requirements

» detailed understanding of connection between
Current-quark and Constituent-quark masses;

# and systematic, symmetry preserving means of realising
this connection in bound-states.

® Means ... must calculate hadron wave functions

75, ot o — Can’t be done using perturbation theory

D

o ® Why problematic? Isn’t same true in quantum mechanics?
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What's the Problem?

® Minimal requirements
» detailed understanding of connection between
Current-quark and Constituent-quark masses;
# and systematic, symmetry preserving means of realising
this connection in bound-states.

® Means ... must calculate hadron wave functions
— Can’t be done using perturbation theory
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® Why problematic? Isn’t same true in quantum mechanics?

® Differences!
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What's the Problem?
Relativistic QFT!

® Minimal requirements

» detailed understanding of connection between
Current-quark and Constituent-quark masses;

# and systematic, symmetry preserving means of realising
this connection in bound-states.
® Differences!

763, orice of o Here relativistic effects are crucial — virtual particles,

—~4 Science

quintessence of Relativistic Quantum Field Theory —
must be included
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What's the Problem?
Relativistic QFT!

® Minimal requirements

» detailed understanding of connection between
Current-quark and Constituent-quark masses;

# and systematic, symmetry preserving means of realising
this connection in bound-states.
® Differences!

o Here relativistic effects are crucial — virtual particles,
guintessence of Relativistic Quantum Field Theory —
must be included

» Interaction between quarks — the Interquark “Potential” —
unknown throughout > 98% of a hadron’s volume
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Intranucleon Interaction

98% of the volume
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What is the
Intranucleon Interaction?

The question must be
rigorously defined, and the
answer mapped out using
experiment and theory.
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QCD'’s Challenges

THANKYouU }
) FOR NOT
. | ENQUIRING

® Quark and Gluon Confinement

» No matter how hard one strikes the proton, one
cannot liberate an individual quark or gluon
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QCD'’s Challenges

THANKYouU }
FOR NODT
.\ ENQuIRinG

® Quark and Gluon Confinement

# No matter how hard one strikes the proton, one
cannot liberate an individual quark or gluon

® Dynamical Chiral Symmetry Breaking

» \Very unnatural pattern of bound state masses
& e.g., Lagrangian (pQCD) quark mass is small but . ..
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QCD'’s Challenges

THANKYouU }
FOR MNOT
. L ENQUIRING

® Quark and Gluon Confinement

# No matter how hard one strikes the proton, one
cannot liberate an individual quark or gluon

® Dynamical Chiral Symmetry Breaking

» \Very unnatural pattern of bound state masses
& e.g., Lagrangian (pQCD) quark mass is small but . ..
755, omce o no degeneracy between J¥=T and J¥=—
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® Neither of these phenomena is apparent in QCD’s
Lagrangian yet they are the dominant determining
characteristics of real-world QCD.
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QCD'’s Challenges
Understand Emergent Phenomena

THANKYouU }
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. L ENQUIRING

® Quark and Gluon Confinement

# No matter how hard one strikes the proton, one
cannot liberate an individual quark or gluon

® Dynamical Chiral Symmetry Breaking

» \Very unnatural pattern of bound state masses
& e.g., Lagrangian (pQCD) quark mass is small but . ..
w25 ommce of no degeneracy between J¥=T and J¥=—
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® Neither of these phenomena is apparent in QCD’s
Lagrangian yet they are the dominant determining
characteristics of real-world QCD.

® QCD — Complex behaviour
Argonne arises from apparently simple rules
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Why should
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Why should
You care?

Absent DCSB: m, = m, = repulsive and attractive

forces in nucleon-nucleon interaction both have SAME
range and there i1s No Iintermediate range attraction!
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Why should
You care?

Absent DCSB: m, = m, = repulsive and attractive

forces in nucleon-nucleon interaction both have SAME
range and there i1s No Iintermediate range attraction!

1 1
~ 20fm or ~ —fm?

o What is the range:
2my 2 Mg 3
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Why should
You care?

Absent DCSB: m, = m, = repulsive and attractive

forces in nucleon-nucleon interaction both have SAME
range and there i1s No Iintermediate range attraction!

1 1
~ 20fm or ~ —fm?

o What is the range:
2my 2 Mg 3

® Is 12C stable?
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Why should
You care?

Absent DCSB: m, = m, = repulsive and attractive

forces in nucleon-nucleon interaction both have SAME
range and there i1s No Iintermediate range attraction!

: 1 1
# What is the range: ~ 20fm or ~ —fm?
2my 2 Mg 3
8 Is1%C stable?
s Probably not, if range range ~ ————
2 Mg
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Why should
You care?

Absent DCSB: m, = m, = repulsive and attractive

forces in nucleon-nucleon interaction both have SAME
range and there i1s No Iintermediate range attraction!

o How does the binding energy of deuterium
change?
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Why should
You care?

Absent DCSB: m, = m, = repulsive and attractive

forces in nucleon-nucleon interaction both have SAME
range and there i1s No Iintermediate range attraction!

ow does the binding energy of deuterium
nange?

ow does the neutron lifetime change?
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Why should
You care?

Absent DCSB: m, = m, = repulsive and attractive

forces in nucleon-nucleon interaction both have SAME
range and there i1s No Iintermediate range attraction!

o How does the binding energy of deuterium

|_
change?
|_

ow does the neutron lifetime change?
s How does m, — my relate to My — Mp?
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Why should
You care?

Absent DCSB: m, = m, = repulsive and attractive

forces in nucleon-nucleon interaction both have SAME
range and there i1s No Iintermediate range attraction!

o How does the binding energy of deuterium

|_
change?
|_

°

ow does the neutron lifetime change?

s How does m, — my relate to My — Mp?
s Can one guarantee M,, > M,"?
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Why should
You care?

Absent DCSB: m, = m, = repulsive and attractive

forces in nucleon-nucleon interaction both have SAME
range and there i1s No Iintermediate range attraction!

o How does the binding energy of deuterium
change?

Zﬁ o How does the neutron lifetime change?
Scren:e
s How does m, — my4 relate to My — Mp?
s Can one guarantee M,, > M,?

uclea;
otwel hg"t‘s

# How do such changes affect Big Bang
Nucleosynthesis?

Argonne
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Why should
You care?

Absent DCSB: m, = m, = repulsive and attractive

forces in nucleon-nucleon interaction both have SAME
range and there i1s No Iintermediate range attraction!

o How does the binding energy of deuterium

|_
change?
|_

°

ow does the neutron lifetime change?
s How does m, — my relate to My — Mp?
s Can one guarantee M,, > M,?

Is a unique long-range interaction between
light-quarks responsible for all this or are there
&  anuncountable Infinity of qualitatively equivalent
Argonne : :
whe | Interactions?

Craig RobertsT GIuing together consttuent quarks
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Traditional approach to
strong force problem Model QCD
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Lattice QCD
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One modern nonperturbative approaChLattice QCD
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One modern nonperturbative approachl_attice QCD
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A Compromise?
Dyson-Schwinger Equations
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A Compromise?
Dyson-Schwinger Equations

1994 ... “As computer technology continues to improve,
lattice gauge theory [LGT] will become an increasingly
useful means of studying hadronic physics through
Investigations of discretised quantum chromodynamics

[QCD].....
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A Compromise?
Dyson-Schwinger Equations

® 1994 ... “However, it is equally important to develop other
complementary nonperturbative methods based on
continuum descriptions. In particular, with the advent of new
accelerators such as CEBAF and RHIC, there is a need for
the development of approximation techniques and models
which bridge the gap between short-distance, perturbative
QCD and the extensive amount of low- and

(62 SCience Intermediate-energy phenomenology in a single covariant

framework. ...”
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A Compromise?
Dyson-Schwinger Equations

1994 ... “Cross-fertilisation between LGT studies and
continuum techniques provides a particularly useful means
of developing a detailed understanding of nonperturbative
QCD.”

Office of
4 Science
DEFARTMENT OF ENERGY

—
U.s.

e

Argonne

Craig Roberts: Gluing together constituent quarks
- - - - Institute for Nuclear Structure and Astrophysics, 21 April 08... 55 — p. 21/67



A Compromise?
Dyson-Schwinger Equations

® 1994 ... “Cross-fertilisation between LGT studies and
continuum techniques provides a particularly useful means
of developing a detailed understanding of nonperturbative
QCD.”

C. D. Roberts and A. G. Williams, “Dyson-Schwinger equations
and their application to hadronic physics,” Prog. Part. Nucl. Phys.
=5 oftce of 33, 477 (1994) [arXiv:hep-ph/9403224].
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A Compromise?
Dyson-Schwinger Equations

® 1994 ... “Cross-fertilisation between LGT studies and
continuum techniques provides a particularly useful means
of developing a detailed understanding of nonperturbative
QCD.”

C. D. Roberts and A-G-Witliams, “Dyson-Schwinger equations
and their application to hadronic physics,” Prog. Part. Nucl. Phys.
omee or 33, 477 (1994) [arXiv:hep-ph/9403224].
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Dyson-Schwinger Equations

® Dyson (1949) & Schwinger (1951) ... One can derive a
system of coupled integral equations relating the Green
functions for the theory to each other.

A Compromise?
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A Compromise?
Dyson-Schwinger Equations

® Dyson (1949) & Schwinger (1951) ... One can derive a
system of coupled integral equations relating the Green
functions for the theory to each other.

===

D
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<5 % ® These are nonperturbative equivalents in quantum field
theory to the Lagrange equations of motion.
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A Compromise?
Dyson-Schwinger Equations

Dyson (1949) & Schwinger (1951) ... One can derive a
system of coupled integral equations relating the Green
functions for the theory to each other.

===

D
<5 % ® These are nonperturbative equivalents in quantum field
o theory to the Lagrange equations of motion.

® Essential in simplifying the general proof of renormalisability
of gauge field theories.
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence

» NonPerturbative, Continuum approach to QCD
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence
» NonPerturbative, Continuum approach to QCD

» Hadrons as Composites of Quarks and Gluons
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
Materially Reduces Model Dependence

» NonPerturbative, Continuum approach to QCD

» Hadrons as Composites of Quarks and Gluons
s Qualitative and Quantitative Importance of:

&5, 9ffice of - Dynamical Chiral Symmetry Breaking

— Generation of fermion mass from nothing

- Quark & Gluon Confinement
— Coloured objects not detected, not detectable?
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence

» NonPerturbative, Continuum approach to QCD

» Hadrons as Composites of Quarks and Gluons
s Qualitative and Quantitative Importance of:
&5, 9ffice of - Dynamical Chiral Symmetry Breaking
— Generation of fermion mass from nothing
- Quark & Gluon Confinement
— Coloured objects not detected, not detectable?
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence

» NonPerturbative, Continuum approach to QCD

» Hadrons as Composites of Quarks and Gluons
s Qualitative and Quantitative Importance of:
&5, 9ffice of - Dynamical Chiral Symmetry Breaking
P — Generation of fermion mass from nothing
- Quark & Gluon Confinement
— Coloured objects not detected, not detectable?

6 ® Method yields Schwinger Functions = Propagators
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» Hadrons as Composites of Quarks and Gluons

s Qualitative and Quantitative Importance of:
&5, 9ffice of - Dynamical Chiral Symmetry Breaking
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" | . Quark & Gluon Confinement
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Schwinger Functions

# Solutions are Schwinger Functions
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Schwinger Functions

# Solutions are Schwinger Functions
(Euclidean Green Functions)

# Not all are Schwinger functions are experimentally
observable but ...

s all are same VEVs measured in numerical
simulations of lattice-regularised QCD

s opportunity for comparisons at
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-gﬁmm pre-experimental level ... cross-fertilisation
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Schwinger Functions

# Solutions are Schwinger Functions
(Euclidean Green Functions)

# Not all are Schwinger functions are experimentally
observable but ...

s all are same VEVs measured in numerical
simulations of lattice-regularised QCD

s opportunity for comparisons at
r Office of . -~ .
-gﬁmm pre-experimental level ... cross-fertilisation

uclea;
otwel hg"t‘s

o Proving fruitful.
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Persistent Challenge

® Infinitely Many Coupled Equations
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® Coupling between equations truncation

» Weak coupling expansion —- Perturbation Theory
Not useful for the nonperturbative problems
In which we're interested
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Persistent Challenge

Infinitely Many Coupled Equations

There is at least one systematic nonperturbative,
symmetry-preserving truncation scheme

H.J. Munczek Phys. Rev. D 52 (1995) 4736

Dynamical chiral symmetry breaking, Goldstone’s
theorem and the consistency of the Schwinger-Dyson
and Bethe-Salpeter Equations

A. Bender, C.D. Roberts and L. von Smekal, Phys.
Lett. B 380 (1996) 7

Goldstone Theorem and Diquark Confinement Beyond
Rainbow Ladder Approximation
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Persistent Challenge

Infinitely Many Coupled Equations

There is at least one systematic nonperturbative,
symmetry-preserving truncation scheme

Has Enabled Proof of EXACT Results in QCD
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Persistent Challenge

Infinitely Many Coupled Equations

There is at least one systematic nonperturbative,
symmetry-preserving truncation scheme

Has Enabled Proof of EXACT Results in QCD

And Formulation of Practical Phenomenological Tool to

» lllustrate Exact Results
o) Sciance » Make Predictions with Readily Quantifiable Errors
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Perturbative
Dressed-quark Propagator
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F ® dressed-quark propagator S_
Gap Equation
1
S(p) = -
) iy -pA(p*) + B(p?)

7o omeeor @ \Neak Coupling Expansion
Reproduces Every Diagram in Perturbation Theory
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® dressed-quark propagator _
Gap Equation
1

iy - pA(p?) + B(p?)
7o omeeor @ \Neak Coupling Expansion
e Reproduces Every Diagram in Perturbation Theory

; #» But in Perturbation [Theory
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Perturbative
Dressed-quark Propagator
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® dressed-quark propagator >

Gap Equation
S(p) = 1 /NK(DCSB
b= iv - p A(p?) + B(p?) ere!\

g&;gg;ggg ® \Weak Coupling Expansion
s Reproduces Every Diagram in Perturbation Theory
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In QCD a quark’s effective mass
depends on its momentum. The
function describing this can be
calculated and is depicted here.
Numerical simulations of lattice
QCD (data, at two different bare
masses) have confirmed model
predictions (solid curves) that the
vast bulk of the constituent mass
of a light quark comes from a
cloud of gluons that are dragged
along by the quark as it
propagates. In this way, a quark
that appears to be absolutely
massless at high energies

(m = 0, red curve) acquires a
large constituent mass at low
energies.
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Hadrons

Established understanding
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® Design goal (4 GeV) experiments began in 1995

® Electrons accelerated by
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JLab Hall-A
® If JLab Correct, then
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Unexpected Result: 1_@%&@ 553 3 % % }
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New Challenges

® Next Steps ... Applications to excited states and
axial-vector mesons, e.g., will improve understanding of
confinement interaction between light-quarks.
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New Challenges

Next Steps ... Applications to excited states and
axial-vector mesons, e.g., will improve understanding of
confinement interaction between light-quarks.

® Move on to the problem of a symmetry preserving treatment
of hybrids and exotics.
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New Challenges

® Another Direction ...
three-quark systems

‘want/need information about

\

PP——=S" Office of
54 Science ‘\,
U.S. DEPARTMENT OF ENERGY

.ce of Nuclear PR
0“\“

Argonne

Craig Roberts: Gluing together constituent quarks
- - - - Institute for Nuclear Structure and Astrophysics, 21 April 08... 55 — p. 44/67



New Challenges

® Another Direction . .. ‘W“&Tntfneeg information about
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New Challenges

Another Direction . . . _Also Wa‘ntfnaed iInformation about
three-quark sys)e/ms

9
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® Namely ... Model-building and Phenomenology,
constrained by the DSE results outlined already.
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Nucleon ...
Three-body Problem?
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Nucleon ...
Three-body Problem?
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Nucleon ...
Three-body Problem?

2ld theory?

® Three —
Infinitely
many!
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Faddeev equation

P
-

&5 omeoor B Linear, Homogeneous Matrix equation

gee

e » Yields wave function (Poincaré Covariant Faddeev
Amplitude) that describes quark-diquark relative motion

within the nucleon

® Scalar and Axial-Vector Diquarks ... In Nucleon’s Rest
Argonne Frame Amplitude has ... s—, p— & d—wave correlations
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Diquark correlations

QUARK-QUARK
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Same interaction that Diquark correlations

describes mesons also
generates three coloured
guark-quark correlations:
blue—red, blue—green,
green-red

Confined ... Does no
escape from within ba

Scalar is isosinglet,
Axial-vector is isotriple

DSE and lattice-QCD
Myd] , = 0.74 — 0.82

m(uu)1+ — m(U'd)1+ o m(dd)1+

......

QUARK-QUARK
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Nucleon EM Form Factors: A Précis

t al.: nu-th/0412046 & nu-th/0501033
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Nucleon EM Form Factors: A Précis

Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118
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Nucleon EM Form Factors: A Précis

Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118

e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
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Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118

e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—- Covariant dressed-quark Faddeev Equation
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Nucleon EM Form Factors: A Précis

Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118

e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—- Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easlly obtained:

1/2
exXp calc]2
I763, Office of 1 E [MH MH ] — 929
e it €XPp12
. N (M)

H
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Nucleon EM Form Factors: A Précis

Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118

e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—- Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easlly obtained:

1/2
exp calc]2
I763, Office of 1 [MH B MH ] — 29
A e N E : (MEPP2 - e
. H H

(Cettel, Hellstern, Alkofer, Reinhardt: nucl-th/9805054)
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Nucleon EM Form Factors: A Précis

Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118

e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—- Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easlly obtained:

1/2
exXp calc]2
I763, Office of 1 E [MH MH ] — 929
e it €XPp12
. N (M)

H
o BUt is that good?
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Nucleon EM Form Factors: A Précis

Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118

e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—- Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easlly obtained:

1/2
exXp calc]2
I763, Office of 1 E [MH MH ] — 929
e it €XPp12
Ny (M ]

(e of Muclear py, 5
(o)

H
o BUt is that good?

» Cloudy Bag: M '°°" = —300 to —400 MeV!
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Nucleon EM Form Factors: A Précis

Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118

e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—- Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easlly obtained:

1/2
exXp calc]2
I763, Office of 1 E [MH MH ] — 929
e it €XPp12
Ny (M ]

(e of Muclear py, 5
(o)

H
o BUt is that good?

» Cloudy Bag: M '°°" = —300 to —400 MeV!
o Critical to anticipate pion cloud effects
Roberts, Tandy, Thomas, et al., nu-th/02010084
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Pions and Form Factors
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Harry Lee
Pions and Form Factors

® Dynamical coupled-channels model ... Analyzed extensive JLab
data ... Completed a study of the A(1236)

$» Meson Exchange Model for 7N Scattering and yN — w /N Reaction, T. Sato
and T.-S. H. Lee, Phys. Rev. C 54, 2660 (1996)

#® Dynamical Study of the A Excitation in N (e, e’m) Reactions, T. Sato and
T.-S.H. Lee, Phys. Rev. C 63, 055201/1-13 (2001)
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Ratio of the M1 form factor in yN — A

Solid curve is G%,(Q?)/G p(Q?) including
pions; Dotted curve is G/ (Q?)/Gp(Q?)

without pions.

Argonne

Yrice o transition and proton dipole form factor G p.

Harry Lee

Pions and Form Factors

® Dynamical coupled-channels model ... Analyzed extensive JLab
data ... Completed a study of the A(1236)

$» Meson Exchange Model for 7N Scattering and yN — w /N Reaction, T. Sato
and T.-S. H. Lee, Phys. Rev. C 54, 2660 (1996)

#® Dynamical Study of the A Excitation in N (e, e’m) Reactions, T. Sato and
T.-S.H. Lee, Phys. Rev. C 63, 055201/1-13 (2001)

® Pion cloud effects are large in the low Q2 region.

3 - . :
2
1
Bare ........
O 1 1 1
0 1 2 3
Q*(GeV/c)?
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Harry Lee
Pions and Form Factors

® Dynamical coupled-channels model ... Analyzed extensive JLab

data ... Completed a study of the A(1236)

$» Meson Exchange Model for 7N Scattering and yN — w /N Reaction, T. Sato
and T.-S. H. Lee, Phys. Rev. C 54, 2660 (1996)

#® Dynamical Study of the A Excitation in N (e, e’m) Reactions, T. Sato and
T.-S.H. Lee, Phys. Rev. C 63, 055201/1-13 (2001)

® Pion cloud effects are large in the low Q2 region.

3 . . .

Ratio of the M1 form factor in yN — A
(60, Yhee o transition and proton dipole form factor G p.
e, Solid curve is G (Q2) /G p(Q?) including
pions; Dotted curve is G/ (Q?)/G p(Q?)
without pions.

Quark Core
® Responsible for only 2/3 of 0 0 1 2 3 4
6 result at small Q* Q¥(GeVic)?

Argonne :
B ® Dominant for Q? >2 — 3 GeV?
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Results: Nucleon
and A Masses

Mass-scale parameters (in GeV)
for the scalar and axial-vector
diguark correlations, fixed by
fitting nucleon and A masses

Set A — fit to the actual masses was required; whereas for
Set B — fitted mass was offset to allow for “mr-cloud” contributions

765, mes ot
’J"" set My Ma | mg+r mq+ Wo+ W1+
A 0.94 1.23| 0.63 0.84| 0.44=1/(0.45fm) 0.59=1/(0.33fm)
B 1.18 1.33| 0.80 0.89| 0.56=1/(0.35fm) 0.63=1/(0.31fm)
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N * i+ — oot My =115GeV; My = 1.46GeV
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Results: Nucleon
and A Masses

ftF You Seg I

ArNYTHIMN G

o Mass-scale parameters (in GeV)

a R "”“fHﬂL
JusT EpToy

Voo @ for the scalar and axial-vector
diguark correlations, fixed by
fitting nucleon and A masses

Set A — fit to the actual masses was required; whereas for
Set B — fitted mass was offset to allow for “mr-cloud” contributions

(D HA
' ear ppy, Set MN MA m0+ m1+ w0+ wl_i_

A 0.94 1.23| 0.63 0.84| 0.44=1/(0.45fm) 0.59=1/(0.33fm)
B 1.18 1.33| 0.80 0.89| 0.56=1/(0.35fm) 0.63=1/(0.31fm)

N * i+ — oot My =115GeV; My = 1.46GeV

Argonne : : : L :
Baxi.  ® Axial-vector diquark provides significant attraction
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Results: Nucleon
and A Masses
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JusT EpToy

L0 @ for the scalar and axial-vector
' diquark correlations, fixed by
fitting nucleon and A masses

Set A — fit to the actual masses was required; whereas for
Set B — fitted mass was offset to allow for “mr-cloud” contributions

(D HA
' ear ppy, Set MN MA m0+ m1+ w0+ wl_i_

A 0.94 1.23| 0.63 0.84| 0.44=1/(0.45fm) 0.59=1/(0.33fm)
B 1.18 1.33| 0.80 0.89| 0.56=1/(0.35fm) 0.63=1/(0.31fm)

N * i+ — oot My =115GeV; My = 1.46GeV
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M. Oettel, M. Pichowsky
and L.von Smekal, nu-th/9909082

Nucleon-Photon Vertex

for on-shell nucleons described by Faddeev Amplitude
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M. Oettel, M. Pichowsky
and L.von Smekal, nu-th/9909082

6 terms . .. Nucleon-Photon Vertex
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Form Factor Ratio:
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Form Factor Ratio:
® Combine these elements . .. GE/GM

e -
- A precision Rosenbluth .
05| ® polarization transfer _
) ¢  polarization transfer
PP==" Office of B .
QA Science _ 1 ] 1 ] 1 l 1 ] 1
o 2 4 6 8 1
2 2
Q" [Gev7]

Argonne

NATIONAL

LABORATORY

Craig Roberts: Gluing together constituent quarks
- - - - Institute for Nuclear Structure and Astrophysics, 21 April 08... 55 — p. 53/67



Form Factor Ratio:

® Combine these elements ... GE/GM
o Dressed-Quark Core

2 .

1
1

@ O
) I - -
aw 05F m% s —
o B '_E_' 7
B O _

0  Rosenbluth
- A precision Rosenbluth .
m polarization transfer

3

-0.5 polarization transfer ]
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» Ward-Takahashi
|ldentity preserving
current o =

® Combine these elements ...

Form Factor Ratio:
GE/GM

2

e N _
0.5\ Fa -
! - _
o] = e -
B A precision Rosenbluth -
05| ® polarization transfer _
) ¢ polarization transfer
_ 1 ] 1 ] 1 ] 1 ] 1
X0 2 4 6 8 1
Q2 [Gevz]
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Pion’s valence quark distn

7 1S Two-Body System: “Easiest” Bound State in QCD

» However, NO 7 Targets!
® Existing Measurement Inferred from Drell-Yan:
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Handbag diagrams
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Nucleon’s Quark
Distribution Functions

® Three twist-2 parton distributions (k; = 0):
T67, e ot » Spin-Independent: ¢(x)

o Helicity: Ag(x)
s Transversity: Apg(z)

of Nuclear pp,
C

0“\“

® All distributions have probability interpretation.

6 ® By definition, contain essentially non-perturbative
A
S Information about a given process.
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Definition and
Sum Rules

#® Light-cone Fourier transforms :

ds— . .- _
Ara@) =5 [ G (o[, 0017 5w € pe)e

q(z) =(v"),  Aqlz)= (")

#® Related to the nucleon axial & tensor charges via

Ty g4 = / dz[Au(z) — Ad(z)], gr = / Az Agu(z) — Ard(z)).

h 9’(‘;

® Must satisfy: positivity constraints and Soffer bound

Agq(z), Arq(z) < q(x), q(z)+ Agq(x) = 2|Arq(x))
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